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We utilize three parallel reservoir computers using semiconductor lasers with optical feedback and light injection to
model radar probe signals with delays. Three radar probe signals are generated by driving lasers constructed by a three-
element laser array with self-feedback. The response lasers are implemented also by a three-element lase array with both
delay-time feedback and optical injection, which are utilized as nonlinear nodes to realize the reservoirs. We show that
each delayed radar probe signal can be predicted well and to synchronize with its corresponding trained reservoir, even
when parameter mismatches exist between the response laser array and the driving laser array. Based on this, the three
synchronous probe signals are utilized for ranging to three targets, respectively, using Hilbert transform. It is demonstrated
that the relative errors for ranging can be very small and less than 0.6%. Our findings show that optical reservoir computing

provides an effective way for applications of target ranging.

Keywords: coupled semiconductor lasers, lidar ranging, optical reservoir computing, chaos synchronization

PACS: 42.55.Px, 42.65.5f, 42.79.Ta, 42.60.Mi

1. Introduction

The chaotic lidar is a lidar system utilizing the nonlinear
dynamics of semiconductor lasers.!!3! A chaotic lidar can be
used as an enabling technology for many applications, such
as artificial intelligence, precision range finding, object track-
ing and locating, through-wall detection, driverless navigation

(4=7.13-191 Among other applications, chaotic

system and so on.
lidar ranging (CLR) has attracted considerable attention due
to its advantages over short-pulse and continuous wave (CW)
lidar ranging, such as low probability of intercept, high reso-
lution in ranging and velocity, strong anti-interference ability,
easy generation and low cost.[!=38

There are mainly two ways for the implementation of
CLRs.

cross-correlation between the reflected return signal and the

The first one is based on the computation of the

replica of the signal transmitted.'="1>-161 Such correlation-
based methods take advantage of the broad bandwidth of the
chaotic laser and can achieve resolution up to centimeter-level.
Although progress was made to increase the resolution*! in
recent years, further improvement becomes very difficult due
to the limit of the correlation and the interference of spon-
taneous emission noise and channel noise. Another way of
implementing CRLs is with a synchronized chaotic lidar. A
synchronization chaotic lidar system has two chaotic lasers:
one called the drive laser, used to generate the probe signal,
and the other referred to as response laser that is used to syn-
chronize with the drive laser. In order to probe the target, the
drive laser output is modulated with a microwave signal. The

TCorresponding author. E-mail: dream_yu2002@ 126.com
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chaotic probe signal with a microwave signal is reflected by
the target, then delayed, finally synchronized with a chaotic
signal from the response laser output. The delayed microwave
signal is decoded by using high-quality chaotic synchroniza-
tion. The delay time in the microwave is extracted by using
Hilbert transform. The distance of the target at an arbitrary
position can be calculated by using delay time. In contrast to
a cross-correlation-based chaotic lidar, synchronized chaotic
lidars has the potential to provide improved ranging perfor-
mance in accuracy and anti-noise ability since the quality of
synchronization is very robust to noise.!'3-201

The accuracy of the target ranging associated with syn-
chronized chaotic lidar systems heavily depends on the quality
and stability of chaotic synchronization. However, all existing
techniques for completing chaos synchronization rely on the
assumptions that the drive and the response laser systems are
identical, i.e., the rate-equations describing the two lasers must
be the same and known a priori.?!~23] However, these assump-
tions do not hold in practice, as an inevitable mismatch always
exists between the driving and response lasers.

In recent years, reservoir computing (RC) has been
proven to be an effective approach in the prediction of chaotic
systems from data.[>*->71 The delay-based RC first proposed
by Appeltant et al.,*®) composed of a nonlinear node and a
delay feedback loop, is proved to be an effective and sim-
ple hardware implementation for neural network comput-
ing in hardware.[>-38] Many hardware implementations of
such delay-based RC have been reported in literature, such

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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m,[29’30] opto-electronic system,[31’32]

[36-38]

as the electronic syste
all-optical system,*-3] and laser dynamical system.
Among these techniques, the delay-based RC using nonlinear
semiconductor lasers has the advantages of fast-speed, high
efficiency and parallel computing capability for many bench-

[33-48] such as time series prediction, 33! optical

[45

mark tasks,
packet header recognition,*¥ speech recognition, *>! nonlin-
ear channel equalization!*®! and so on. A growing number of
studies have shown that a well-trained reservoir computer can
be well synchronized with its learned chaotic system by us-
ing a delay-based RC approach.>*-2" For example, in 2017,
Anonik et al. proved experimentally that a reservoir can be
trained to yield similar dynamics to its learned chaotic sys-
tem (similar spectrum, Lyapunov index, etc).[*’! Our previ-
ous work further shows that high-quality chaotic synchroniza-
tion between the driving laser array and its trained reservoir in
the existence of mismatch between their rate equations can be
achieved by using a delay-based optical reservoir computing
approach.[4?]

The 1-D lateral laser array (laterally coupled semiconduc-
tor lasers) with rich chaos dynamics represents an ideal candi-
date of an integrated chaotic light source, which has potential
applications in multi-target chaotic lidar synchronous ranging.
Compared with the multi-target ranging based on three uncou-
pled semiconductor lasers, the ranging to multi-target based on
the 1-D lateral laser array are advantageous by a simple struc-
ture and thus there is easy fabrication on a single chip. For
the application for the multi-target ranging using the 1-D lat-
eral laser array, it is necessary to overcome the limitations of
traditional optical chaos synchronization theory as described
above.[?!=23] The delay-based RC technology in training op-
tical chaos synchronization provides a possible solution for
this problem.“?! The stable and high-accuracy ranging to the
multi-target can be achieved in the delay-based optical reser-
voir computing system based on the 1-D lateral laser array,
owing to the realization of stable and high-quality chaos syn-
chronization by the predictive learning, even if the existences
of parameter mismatches between the driving laser element
and its trained reservoir.

Motivated by these described above, in this paper, as
shown in Fig. 1, we propose three parallel delay-based opti-
cal chaotic RCs using laterally coupled semiconductor lasers
both subject to self-feedback and optical injection, where the
light injected into each laser is modulated by a delayed re-
flection probe signal from a target. These RCs can be de-
scribed by the coupled wave theory developed by our previ-
ous work. 8] Based on these three-parallel delay-based RCs
and Hilbert phase transformation principle, we further propose
a novel scheme for multi-channel synchronized chaotic lidar
ranging for multiple targets. For this scheme, we demonstrate
the quality and stability of the lag chaos synchronization be-
tween a well-trained reservoir computer and its learned delay

probe signal with a microwave signal. We explore the influ-
ences of the delay-time of RC and the interval of the virtual
nodes on the training errors. Finally, we discuss the accura-
cies and the relative errors of the multi-target ranging.

2. Experimental setup and theoretical method
2.1. Experimental setup

Figure 1 depicts a schematic diagram of synchronized
chaotic lidar ranging for multi-targets by using three paral-
lel delay-based RCs. Here, TLC-SL represents three later-
ally coupled semiconductor lasers, also referred to as a three-
element laser array. The TLC-SL; and TLC-SL, are the driv-
ing and response laser arrays, respectively. They both have
three identical laser waveguides (LWGs) of width 2a, which
are edge-to-edge separated 2d. The LWG A locates between
the LWG B and the LWG C. The LWGs A, B, and C in the
TLC-SL; are also denoted as lasers Aj, By and Cy, respec-
tively, and those in the TLC-SL, are also called as lasers A,
B,, and C,, respectively. The three driving laser elements in
the TLC-SL; are chaotic radar sources to be learned for their
synchronizations. With both delay-time feedback and optical
injection, the three response laser elements in the TLC-SL; are
utilized as nonlinear nodes to realize three-parallel delay RCs.
The six neutral density filters (NDFs) are used to control light
strength. The variable attenuators (VAs) are used to control the
feedback strengths. The optical isolators (ISs) are applied to
avoid light feedback. The AM;, AM;, and AM3 are amplitude
modulators. ma, mp and mc are the sinusoidal microwave sig-
nals. The fiber beam splitters (FBSs) (s = 1-3) separate the
output light into the photodetector and the input layer, respec-
tively. The FBS4 divides the external light from the driving
semiconductor laser (D-SL) into three identical components,
which are respectively injected into three phase modulations
(PM, PM; and PM3).

The system presented by Fig. 1 is composed of the
transmitting module (TM), multi-target detection module
(MTDM), three input layers, three parallel reservoirs, three
output layers and ranging calculation modules (RCMs). In the
TM and MTDM, three beams of chaotic light waves are re-
spectively emitted by lasers A1, B; and C; with self-feedback,
and they are respectively modulated with ma, mp, and mc (si-
nusoidal microwave signals) using amplitude modulators, and
these amplitude-modulated chaotic light waveforms are called
the probe signals, such as PS-A, PS-B, and PS-C. These three
probe signals are transmitted to by the optical transmitting an-
tennas (OTA|—3), then reflected by the three targets and back
to the optical receiving antennas (ORAs). Note that the signals
collected by the receiving antennas can be considered as a de-
layed version of the three probe signals, which are denoted as
MA(I — TA), MB(Z‘ — TB) and Mc(t — Tc).
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Fig. 1. Schematic diagram of synchronized chaotic lidar ranging for the multi-target by utilizing three parallel delay-based optical reservoir computers using
three laterally coupled semiconductor lasers (see texts for the detailed description).

The input layers provide input connections to the reser-
voirs. Here, signals collected from the ORAs are first con-
verted into current signal by photoelectric detections (PDs),
and then amplified by the electric amplifiers (EA|—3), and then
sampled as input data by the discrete modules (DM;—3), which
are denoted as ua (1)), ug (nj), and uc (ng), respectively.
Here, ny, =n—ka, ny =n—kg, and n. = n—kc. n is the
discrete time index, ka, kg, and kc are the discrete length of
channel-delays 7a, 75, and 7c. These sampled data holding for
T and they are multiplied by a mask signal (named as Mask)
with the periodicity 7. These three Masks are chaotic signals
generated by two mutually-coupled SLs, which are presented
in Ref. [49]. These mask signals are scaled by a scaling fac-
tor 7y using the scaling operation circuit (SC), yielding the out
signals of the input layer, denoted as Sa(¢), Sg(¢), and Sc (),
respectively. Then by means of phase modulators (PM;, PM;,
and PM3), they are modulated into the phase of the optical
field of from the D-SL output, where the D-SL is a distributed
feedback semiconductor laser. These phase-modulated light
signals will be injected into responding laser fields in TLC-
SL,.

Within the reservoirs, the response lasers Aj, B,, and Cp
in the TLC-SL, with both delay-time feedback and optical in-
jection will exhibit chaotic dynamics, and hence they are uti-

lized as nonlinear nodes to implement three parallel reservoirs,
denoted as Ra, Rp, and Rc, respectively. The feedback time
along any of the delay lines (DL, DL,, and DL3) is consid-
ered as 7 in the response lasers. The interval between two
adjacent nodes is set as 8. The number N of the virtual nodes
along each delay line satisfies N = T/6. We consider that
T, = T + 0, indicating the case of desynchronization because
that the reservoir loop with respect to the input and output lay-
ers allows for the coupling of each internal variable to one of
its neighbors. 333

In the output layers, the states of N virtual nodes along
these three delay lines are first converted into current signals
by the PDs. These current signals that are weighted and lin-
early summed up are denoted as ya (n), yg(n), and yc(n), re-
spectively. Here, the weights need to be trained using a lin-
ear least-squares method that minimizes the mean-square er-
ror between each input signal and its corresponding reservoir

36501 In such a system, by training the output weights,

output.!
ya(n), yg(n), and yc(n) can be well synchronized with the
delayed probe signals ua (1), ug (1), and uc (ng), respec-
tively.

In the RCMs (ranging calculation modules), signal m is
decoded from the synchronous division between ua (ny) and

ya(n) by the divider 1 (DIV)), yielding n’,, with a delay with
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respect to mu. mp is decoded from that between ug (ng) and
yg(n) by the DIV,, yielding my; with a delay. mc is decoded
from uc(ng) and yc(n) by the DIV3, yielding m¢ with a delay.
The phases of ma, mp, and mc are extracted by the Hilbert
transform (HT). The delay phases of m/y, mj;, and my. are ob-
tained by the HT and DPCM (delay phase calculation module).
Then phase differences A@y, , A@yy, and A¢y,. are calculated
by the subtracters (SUBs), where A¢,,, is the phase difference
between my and m'y, A@y,, is that between mg and mp, A@y,.
is that between mc and m(. According to the constraint re-
lationship between the target distances and phase differences
(see Egs. (28)—(32)), the distances of these targets (Ta, T,
and T¢) can be calculated by using the DCMs (distance calcu-
lation modules).

2.2. Theoretical method

The nonlinear dynamics of the three laser-elements in the
TCL-SL; with self-feedback can be described by the coupled
mode theory developed by our previous work presented in
Ref. [48] as follows:

(1)
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In the reservoir layers, the dynamics of the three laser-
elements in the TCL-SL, with both delay-time feedback and
optical injection can be modeled as

v
dr 2152
12 () sin g (1) + 1> cos 943 (1))
Y@ O sin g3 (1) + 1> cos 93 (1))
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where the superscripts 1 and 2 denote the TCL-SL; and TCL-
SL,, respectively; the subscripts A, B, and C represent lasers
A, B, and C, respectively; the subscript j = A, B, C (the same

below); Y(l), Yél), and Yél) are the normalized field ampli-

@y

and YC(2> are those of the laser Ay, By, and C;, respectively;

tudes of the lasers A, By, and Cj, respectively. Y,

M/g), M](sl), and Mé” are the normalized carrier densities in
the lasers A, By, and C; in turn. M<2), Ml(gz), and Méz) are
those in the laser A, B,, and C,, respectively. q)/gl), q)él), and
q)él) are the phases of the lasers A, By, and Cy, respectively.
q)ff), q)]f), and (])éz) are the phases of the laser A,, B;, and
C, in turn. The phase differences ¢]§Q’<2> = ¢él) 2 _ ¢/<\1)7(2) ,
¢((12’(2) _ (Pél)»(Z) _ ¢/il),(2)’ and ¢é1g~,(2) _ ¢((:1),(2) _ ¢](31)7(2)'
The term 1! is the complex coupling coefficient between
the lasers A; and B, which is identical to those between the
lasers A; and C;. The n(? is the complex coupling coefficient
between the lasers A, and B, which is the same with those

between the lasers A, and Cs. nrm and ni“)

are the real and
imaginary parts of N (1), respectively. nr(z) and ni(z) are the real

and imaginary parts of 2. (1) and n® are defined as

| cuesn (- ).

4
arg(n'V) = C —2Wi—, (15)
(2)
‘nu)’ = Cn exp <_2"Vrda> ,
4?2
arg(n'®)) = Co —2Wi =, (16)

where W;, W are the real and imaginary parts of the transverse

propagation constant in the regions outside the core of LWGs

A, B, and C in the TCL-SL; or the TCL-SL;. Cy, Co can be
) (1)

found from numerical integration. 1), and 7;," are the real
and imaginary parts of the complex coupling coefficient nél)
between the lasers By and C;. 11r(22 ) and ni(zz) are the real and

imaginary parts of nz(z) between the lasers B, and C,. nz(l) and
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néz) are expressed as

2d") +a
" | = cyexp (—2Wr ,

a
(1 2dY) +a
arg (n}")) = Co—2m=——2, an
2d? +-a
o ).
2d%) +a
arg (nf”) = o 2w =1 (18)

Moreover, 7 is the self-feedback delays; kg, kr», and kg3 are
the self-feedback strengths of lasers A, By, and C; in turn; &;1,
ki, and k3 are the feedback strengths for the delay lines DL,

DL,, and DL, respectively; kiy; is injection strength. 1151) and

) are the carrier lifetime; Tél) and r]§2>
time; (xIEII) and (xIEIZ) are the line-width enhancement factor that

accounts for the phase-amplitude coupling in the electric field;

are the photon life-

@) and @, are the free-running angular frequencies of the to-
tal electric field of the TCL-SL; and TCL-SL;, respectively;
Qu, Op, and Qc are respectively the waveguide frequencies
of LWGs A, B, and C in the TCL-SL; or the TCL-SL,. The
term Av is the frequency detuning between D-SL and TCL-
SL,. OV and Q@ are the normalized pumping rate, which
can be expressed in terms of the ratio of pumping rate to its
threshold value, P/Py, as

p(1).(2) p(1).(2)
Q(l)‘(z):CQ< 7 —1>+ > (19)

th th

where Cp = agirNo/ g, With agier as the differential gain, Ny
as the carrier density under transparency, and gy, as the unit
length gain under threshold. The injected slowly varying com-
plex electric field E£;(r) can be written as
CadiffTIEZ)
Ej(t) = Eq\| ———, (20)
no
where Ey is the amplitude of CW output from the D-SL; ¢
is the speed of light in vacuum; ng is the refractive index of
the laser waveguides A, B, and C in the TCL-SL,. The j-th
masked input signal S;(¢) is multiplied by the j-th input data
u;j (nfi), the mask signal, the j-th modulated signal and the
scaling factor 7y, which can be expressed as

Sj(t) =Mask(r) x uj (n;) x mj (n) x 7, (1)

where the term Mask is chaos signal and presented in
Ref. [49]. In these three input data, ka = Ta/h, kg = t8/h,
and kc = T¢/h. his the step size. Ta is the channel delay be-
tween the TA| and RA ;. 1 is that between the TA; and RA,.
Tc is that between the TAz and RAj3.

As displayed in Fig. 1, although the values of the delay
lengths ka, kg, and kc are related to the measured distances,
and theoretically unknown, but the values of these three probe
signals (ua (ny), up (ng), and uc (ng)) can be obtained by
using the RAs and DMs. ua (ny), ug (1), and uc (ng) are
injected into the RC by the PMs. According to lag chaotic

22,49]

synchronization theory,! we obtain lag synchronous solu-

tions as

yj(n) =u;(n}), j=A,B,C, (22)

where the time-dependent output y;(n) is taken to be a linear
function of the j-th reservoir state and input data such that

N
2
Vi(1) = Wy thouc+ Wiauji(ny) + Y Wiia¥ D (n),  (23)
i=1
where W; ; is the i-th-element of the output weight matrix W;
the variable Yf%) (n) is the i-th internal states of the j-th reser-
voir Rj; the term by is a constant and equal to 1. Previous
studies have shown that W; can be analytically given by 3%

W;=Z;X[/(X;X] +21I), (24)

where the superscript T denotes transpose; IT is an identity
matrix; A is the ridge regression parameter for avoiding over-
fitting and set as 1079 X j 1s the matrix whose k-th column is
[bous uj(k —k j);Yﬁ)(k)] and Z; is the matrix whose k-th col-
umn is [uj(k—k;+1)].

In this scheme, three microwave signals are considered as
sine waves and expressed by

mj(n) = Asin(w;n), (25)

where @; is the angular frequency of the j-th microwave sig-
nal; and A is the amplitude. By using the synchronous division
presented in Fig. 1, these three-channel decoding microwave
signals can be obtained by

"=

(26)

Under three lag synchronization solutions (see Eq. (22)),
these decoding microwave signals are derived from Egs. (25)
and (26) as follows:

m';(n) = Asin(@;(n—k;j)). 27

According to Hilbert transform, the analytic signal of
m;(t) is written as

vj(n) = mj(n) + jm;(n), (28)
where mj(n) is the Hilbert transform of m;(n). Based on
Eq. (28), the phase of m;(n) is given as follows:

m,(n)
Om; (n) = arctan = w;n. 29)

m;(n)
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Similarly, the phase of ;(n) is given as follows:

m';(n)
/
m](n)
According to Egs. (29) and (30), the channel delay time
for the j-th target 7 is written as

¢, (n) = arctan = 0j(n—K). (30)

w0 =00, (n) _ Ay

T; 31
/ o; o’ 3D
and the distance of these three targets can be derived as
TAC TBC TccC
A ) ; UB ) , dcC ) ) ( )

where c is the speed of light in vacuum.

3. Results and discussion

The key material parameter values for the TCL-SL,
and TCL-SL, are identical and given as follows:P!l gy, =
87.7 cm™!; W, = 1.26, W, = 0; C;, = 83.6 ns™!, Cp =0,
ng = 3.4. The half-width (a) of each LWG in the TCL-SL,
or TCL-SL, is taken as 4 um. The other parameter values for
calculation are given as follows: *!1 ggi = 1 x 1071 cm?;
No =1x10" ecm™3; ki = 12.43 ns™!; Av = —4 GHz and
Eq = 25612 x 101 v/m; 7{V, ¥ = 1.0 ns; 2, 2% =
1.53 ps; o)) =3, o) = 2: ke, ke ks =3 057 ke, ko,
ks =7 ns™ ' dV/a =12, d?/a =35 PV /Py =12,
P2 /Pn = 1.4. The waveguide frequencies 24, Qp, and Q¢
are all equal to 1.4499 x 10" rad/s, where central wavelengths
are all 1310 nm.

We calculate numerically Egs. (1)—(14) by using the four-
order Runge—Kutta method with a step 4 of 1 ps. For the nu-
merically solving Egs. (1)—(7) for the TCL-SL;, 6000 samples
of input data are recorded under the sampling interval of 10 ps.

After discarding the first 1000 samples (to eliminate transient

states), we use the 3000 points for training the three reservoirs
(Ra, Rp, and R¢), and take their remaining 2000 points to test
these reservoirs. Moreover, three mask signals are all chaotic
signals generated by two mutually-coupled SLs, as presented
in Ref. [49]. The intervals of these mask signals are all denoted
by 0 and set to 20 ps. The amplitudes of the mask signals are
adjusted, making their standard deviations to be 1 and mean
values of 0. The period T of the input data is set as 8 ns, and
hence the data processing speed is 125 Mb/s. The number of
virtual nodes N is considered as 400, where N=T/6. The
delay time 75 = T + 6. The scaling factor Y is set as 1.

For the prediction tasks of the nonlinear dynamics of the
lasers A1, By, and Cy, the training error, i.e., the j-th normal-
ized mean-square error (NMSE;) between the j-th input data
(uj(n—k;)) and the j-th reservoir (R;) output y;(n), is calcu-
lated to measure the performance of the R;, which is defined

as

1L () — ()
L var(y;(n)) ’

where L is the total number of data in the testing data set; the

NMSE, = (33)

term var represents the variance. The NMSE with subscripts
of j indicates how far the time series y;(n) generated by the
J-th reservoir (R;) deviates from the j-th delayed time series
uj(n;). NMSE; = 0 means that y;(n) is perfectly matched
with u;(n;). When NMSE; = 1 indicates that they are no sim-
ilarities at all. Moreover, while NMSE; is less than 0.1, the
trained reservoirs (Ra, R and R¢) can infer the output chaotic
trajectories from the lasers Ay, By, and Cj, respectively. In
other words, the j-th delayed input time series u j(n’j) from the
laser-j element in the TCL-SL; wishes to synchronize with
the trained predicted values y;(n) from the R; output, which
can be characterized by using the correlation coefficient as fol-

lows:

where Ij(-l) = |uj(n;)|2 and ]j(z) = ‘yj(n)lz. The symbol () de-
notes the time average. Note that p ranges from —1 to 1. With
the bigger value of p, the higher quality of synchronization
can be obtained. When p is equal to +1, the in-phase and
anti-phase synchronous solutions exist in the system.

3.1. Training errors for the chaotic dynamics

To observe the similarity of the output of the driving laser-
element in the TCL-SL; to the corresponding trained reservoir
output, figure 2 displays the samples of the target chaotic time

([ ) = (5"e)] (1700~ {17 w)]) @)

series data (ua (ny ), u (ng), and uc(ng)), and the output of the
reservoirs (Ra, Rg, and R¢). Here, 7o = 10 ns; 75 = 15 ns;
T =20ns; o) =3; aF) =2 key. kpp, ks =3 ns7!s kyy,
ks kiy =708 dW ja=1.2;d? Ja=3.5 PV /P, =12,
P? /Py =14, T=8ns; 6 =20ps; y=1; 7, = 8.02 ns,
and kj,j = 12.43 ns~!. As seen from Fig. 2(a), the trajectory
of ua(ny) is highly similar to that of ys(n). The NMSE be-
tween them is 0.054 when 7, = 8.02 ns and 0 = 20 ps (see
Figs. 3(a) and 4(a)). As further observed from Figs. 2(b) and
2(c), the traces of ug(ng) and uc(ng) from lasers By and C;
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output are almost identical to those of yg(n) and yc(n), re-
spectively. The NMSE between ug(ng) and yg(n) and that
between uc(n) and yc(n) are 0.053 and 0.052, respectively,
when 7, = 8.02 ns and 0 = 20 ps (see Figs. 3 and 4). These
indicate that the trained reservoirs Ra, Rg, and R¢ can accu-
rately infer the chaotic trajectories of the delayed probe signals
ua(n'y), ug(ng), and uc(ng), respectively.

To further explore the predictive performances of three
parallel trained reservoirs to the chaotic trajectories of three-
channel delayed probe signals. Figure 3 displays three train-
ing errors (NMSE4, NMSER and NMSE() as a function of the
delay-time 7, under 0 = 20 ps, 7o = 10 ns, 7g = 15 ns, and
Tc = 20 ns. It can be clearly seen from Fig. 3 that in the region
of 7, between 1 ns and 10 ns, these training errors are less than
0.065, but they show a rise in oscillation with the increase of
7. The reason that a longer delay-time 7, results in an oscilla-
tion rising training error may be explained as follows. In this
work, when 6 is fixed at 20 ps, T =1, — 60 and N=1,/60 — 1, a

10— ualni) - - ya(n) — ug(ng)

€ S
S S
"g e
E 2
= 3
£ £
< m
3 S

0 0-

0 1000 2000 0

larger N is accompanied by a larger 7,, indicating that a higher
dimension state space. In such a case, the predictions of the
trained reservoirs to the delayed probe signals becomes unsta-
ble and more difficult, resulting in a larger NMSE. Moreover,
for the prediction of three-channel delayed probe signals, fig-
ure 4 shows their training errors as a function of the virtual
node interval 6. One sees from this figure that with T fixed
at 8 ns, these three training errors appear in a cliff-like decline
when 0 increases from 4 ps to 12 ps, then gradually stabilize
to 0.0474 with the increase of 6 from 12 ps to 200 ps. The
reason is explained as follows: a small 8 induces to the reduc-
tion of the trained reservoirs response, showing larger training
errors. As O increases from 15 ps to 200 ps, the response
of the trained reservoir will be further enhanced, resulting in
less training errors. In addition, although the dimension of the
state space further decreases with the increase of 0, there are
still enough virtual nodes for training reservoir, making these
training errors small and varied between 0.0474 and 0.055.

— uc(ng) - - yo(n)

- -yg(n)

1.

0
(c)

uc(ng) and yo(n)

1000 2000 1000 2000

Time step n

Time step n

Time step n

Fig. 2. (a) A sample of the delayed chaotic time series data u (n'y ) (the blue solid line) and ya (n) (the red dashed line). (b) A sample of the delayed chaotic
time series data ug(ng) (the blue solid line) and yg (n) (the red dashed line). (c) A sample of the delayed chaotic time series data uc(ng.) (the blue solid line)
and yc(n) (the red dashed line). Here, 74 = 10 ns; 73 = 15 ns; ¢ = 20 ns; al({l) =3; a}(lz) =2: ke, keyy kes =3 0871 ket ko ks =7 s d(])/a =1.2;
d®/a=3.5;PW /Py =12,P? /Py, =14T =8ns;0 =20ps; y=1; 7, = 8.02 ns and kipj = 12.43 ns .

0.060 0.065 -
a (b) 0.052" (¢)
& 0.055 o 0090 g 0.051
= < 0.055 g 0.050
z 0050 2 0.050 Z  0.049
0.045 " y 0.045 | 0.048 |
01 2 4 6 8 10 01 2 4 6 8 10 01 2 4 6 8 10
Ty (ns) Ty (ns) Ty (ns)

Fig. 3. (a) The NMSE,4 as a function of the delay-time 7, for the prediction of the trained reservoir Ra to ua (ng); (b) the NMSEg as a function of 1, for
the prediction of the trained reservoir Rg to ug(nf); (¢) the NMSEc as a function of 7, for the prediction of the reservoir R¢ to uc(ng). Here, T4 = 10 ns;
78 = 15 ns; Tc = 20 ns and other parameters except for 7, are the same as those in Fig. 2.

0.3 0.18
0.3] (a) (b) 0.15 ()
< @ o
B2 02 B 02 2 0.10
= = s
Zz  0.1] z 0.1 Z 0.05
O, 4 OL J OL 4
4 50 100 150 200 4 50 100 150 200 4 50 100 150 200
6 (ps) ¢ (ps) 0 (ps)

Fig. 4. (a) The NMSE, as a function of the virtual node interval 6 for the prediction of the trained reservoir Ra to ua (nj\); (b) the NMSEjy as a function of 6
for the prediction of the trained reservoir Rp to up (ng); (c) the NMSE as a function of 0 for the prediction of the reservoir Rc to uc(n'c). Here, ta = 10 ns;
78 = 15 ns; 7c = 20 ns and other parameters except for 6 are the same as those in Fig. 2.

074205-8



Chin. Phys. B 31, 074205 (2022)

3.2. Predictive learning of three-channel lag chaotic syn-
chronizations

As displayed in Figs. 2—4, three trained reservoir comput-
ers based on the driving lasers A, B,, and C;, can reproduce
the trajectories of three-channel delayed probe signals, respec-
tively. Their training errors are very small if 6 is more than
15 ps and 15 is less than 10 ns. These results indicate that the
trained reservoirs can be well synchronized with three-channel
delayed probe signals. To further look into the quality of their
synchronization, we present the evolutions of the correlation
coefficients (pa, pB, and pc) in the parameter spaces of 7 and
Ta, T and 7, T and 7c, Y and 7, as shown in Fig. 5. Here,

(1)

OCH =3; 06H =25 ket ks ks =387 ket kioy ks =7 s

/a =1.2; d?¥/a =35 PV /P, =12, PO /Py = 1.4
=8 ns and 6 = 20 ps. From Figs. 5(al)-5(cl), when 7
is between 3 ns and 9 ns, it is found that pa, pg, and pc are
all more than 0.971 in the parameter spaces of T and Ta, T and
B, T and Tc. As seen from Figs. 5(a2)-5(c2), these correlation
coefficients are more than 0.971 when Y ranges from 0.2 to 1
and 7, varies from 1ns to 9 ns. In particular, with the further
increases of the feedback time 7», pa, ps, and pc gradually
decrease owing to the slow increase of corresponding training

errors (see Fig. 5).

0.975 0.980 0.980

0.974 0.979 0.979

0.073 0.978 0.978

: 0977 & 0.977

0.972 : 0.976 - 0.976

, s 0.975 .- : .
0.971 0 12 14 16 18 20 30 12 14 16 18 20 0975
7y (n3) 7 (n5) 7o (ns)

0-oma 0:5% 10 0.889

0.978 0.8 0.978

= 0.973 = 0.977 = 0.6 0.977
0.972 0.976 0.4 0.976

0.971 0.975 0.2 0.975

7y (ns)

Fig. 5. Maps of the evolutions of the correlation coefficients (pa, pg, and pc) in different parameter spaces. Here, al(_ll)

Ty (ns)

7o (ns)

aH ) =2 key, kip, ks =301

ket, koo by =7 ns™1; d<1>/a =1.2; d<2>/a =3.5; P(l)/Rh =12, P(z)/})[h =1.4; T =8ns and 6 = 20 ps. (al) The parameter space of T and Ta where y=1,
7, = 8.02 ns; (bl) that of 7 and 75 where Y =1, 7 = 8.02 ns; (cl) that of 7 and 7c where ¥ = 1, 7, = 8.02 ns; (a2)—(c2) the parameter space of y and the
reservoir delay time 7, where T =4 ns, 7o = 10 ns, 7g = 15 ns and 7¢c = 20 ns.

0.980¢ 7
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< 0978 < 0978 A e e < 0978
g POARAPRAADAA AAroiefybsl-Autlv g AR APRAADAR AN
2 0976 £ 0.976 S 0976
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sz 0972 Z 0.972 0972
b h = 70-
. L 4 . L ) 09 J
0970, 3 4 5 e 097 50 135 150 1.65 1.80 0.60 1.95 3.30 4.65 6.00
Av (GHz) P2/ Py, d®/a
0.980 . 0.980 : 0.980 :
) d) ~Pa ~PB ~PC o (e) ~PA ~PB ~PC o (f) ~Pa =PB ~PC
< 0.978 < 0.978 < 0.978
- R — S
£ 0976 2 0.976 £ 0.976] R T an el
é 0.974\/\/\\/\/\/\1\/\/\\ £ 0974 é 0-974v\_/\/\/\/\/\/\/\/\~m\
0972 S 0.972 0972
b b S 0970
0.970. J 970 - J 970 |
10.0 12.5 15.0 097 5 33 52 71 90 150 2.25 3.00 3.75 4.50
Eipj (ns™h) k, (ns71) ag)

Fig. 6. Dependences of the correlation coefficients (pa, pg, and pc) on the other key parameters, such as Ay, P(2) /Pn, d

)/a kinj, ke, and ocH2 when the

other parameter values are given in Fig. 2. Here, (a) pa, pg, and pc versus Av; (b) pa, pg, and pc versus P /I:hl under P(! /Pu1 =1.2;(c) pA, pB. and pc

versus d2 /a under d(! /a = 1.2; (d) pa, P, and pc versus kinj; (€) Pa, PB, and pc versus k, where k; =

and pc versus ocl({> under ocg) =3.

In order for even further observation of the influences of
the other parameters on these synchronization qualities, fig-
ure 6 presents the dependences of the correlation coefficients

on some key parameters, such as Av, P2 /P, d®? /a, ki

ket kio, ke3 and kep, ke, kg =3 ns™1; () pa, pa,

krI’ ki2, k3, and aIEIZ)

M /a=12, PU
given in Fig. 2. As displayed in Fig. 6(a), when Av is be-

o) =3,

) /Py = 1.2 and other parameter values are

, when k1, kg, ks =3 ns™ !,

tween —2 GHz and —6 GHz, pa appears a slight oscillation
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change from 0.972 to 0.974. pg slightly varies from 0.9762
to 0.978, and pc varies from 0.976 to 0.9777. As seen from
Fig. 6(b) where P(?) / Py, varies from 0.5P") /Py to 1.5P1) /Py,
(1.2 to 1.8), pa shows a slight oscillation between 0.972 and
0.9738. pp appears a slight change from 0.9765 to 0.9778,
and pc shows a slight variation from 0.976 to 0.9777. When
d® Jais between 0.5d") /a and 5dV) /a (0.6 and 6), it is found
from Fig. 6(c) that pa slightly changes from 0.972 to 0.9741,
pp slightly varies from 0.9763 to 0.978, and pc slightly varies
from 0.976 to 0.9772. With the increase of kij from 10 ns~!
and 15 ns~!, one sees from Fig. 6(d) that p, slightly oscillates
between 0.9719 and 0.975, pg appears a slight oscillation be-
tween 0.9763 and 0.9782, and pc shows a slight oscillation
between 0.9762 and 0.9779. As seen from Fig. 6(e) where
ki = k1, ko, ke3, when it varies from 0.5k¢; to 3kep (1.5 ns~!
to 9 ns™ 1), Pa, PB, and pc all keep unchanged, and their val-
ues are kept at 0.9728, 0.9769, and 0.9773, respectively. As
displayed in Fig. 6(f), with the range of aélz) from 0.5051({1) to
1.5061<{1> (1.5 to 4.5), pa shows a slight variation from 0.9716
to 0.974, pp appears a slight change from 0.976 to 0.9773, and
pc shows a slight oscillation between 0.9761 and 0.9776.

These findings from Figs. 5 and 6 show that even when
there are mismatches between some key parameters of the
driving laser-element and the response laser-element (reser-
voir), high-quality lag chaotic synchronization between one-
channel delayed probe signal and its corresponding trained RC
can still be achieved. The reason is that under very small train-
ing errors, these three well-trained RCs can accurately infer
the chaotic trajectories of three-channel delayed probe signals,
respectively.

3.3. Synchronized chaotic lidar ranging to multi-target

In the following, under high-quality lag chaotic synchro-
nizations of three channel delayed probe signals presented in

Fig. 5 by using the delayed-based reservoir computing ap-
proach, we utilize three-channel synchronized probe signals
for the ranging to the targets Ta, T, and T¢. For the verifi-
cation of the reliability and accuracy of the ranging to these
three targets, the actual distances of these targets are set as
dr, = 1.5m, dry = 2.25 m, and d7. = 3 m. From these dis-
tances, we obtain three corresponding channel-delays as 7o =
10 ns, 78 = 15 ns, and 7¢c = 20 ns. In addition, the angular fre-
quencies of three sinusoidal waves (mp, mp, and mc) are taken
as Wp = 27/47Ta, g = 27 /41, and oc = 27 /41c. For these
target distances as mentioned above, Figure 7 presents the tem-
poral traces of the phases of these sinusoidal waves and their
corresponding decoding signals (', my, and mg.). Here, @, ,
Omy» and ¢y, are the phases of ma, mp, and mc, respectively;
o), N (j),’nB, and q),’nc are the phases of m,, my, and mg., respec-
tively. From Fig. 7, it is found that all phases show an approx-
imately linear increase in periodicity when the targets Ta, Tp
and Tc locate in different distances, respectively. Moreover,
the phase differences A@y,, (@my — Oy, )> Abig (O, — Py, ) and
A (e — ¢,’nc) almost remains unchanged at any time. Us-
ing these phase differences from Figs. 7(a)-7(c) and Egs. (31)—
(32), we calculate the temporal traces of the distances to be
measured (da, dp, and dc), as displayed in Fig. 8. It is
found from this figure that da slightly ranges from 1.462 m to
1.55 m under dy, = 1.5 m; dp slowly varies between 2.196 m
and 2.335 m when dp, = 2.25 m; dc slightly oscillates be-
tween 2.891 m and 3.179 m while d7. = 3 m. In addition,
for the ranging to the targets T, Ty, and T, the expressions
|(da) —dr,|, |{(dB) —dr| and |(dc) — dr..| are taken as the ab-
solute errors |Ada|, |Adg|, and |Adc|, respectively. According
to these three expressions, we obtain that |Ads| = 0.17 mm,
|Adg| = 0.43 mm and |Adc| = 0.64 mm. These results indi-
cate that all absolute errors of the ranging to these targets can

reach millimeter magnitude.

4 4 4
< (a) @ (b) 0 (c)
g 2 g 2 < 2
T o0 T o0 T o0
] [ ]
T o = ¢ o 7
< < <

—4 —4 —4
40 80 120 160 200 240 40 80 120 160 200240 40 80 120 160 200 240
t (ns) t (ns) t (ns)

Fig. 7. (a) Time traces of the phases ¢),, and ¢, 4> (b) those of the phases ¢, and (1),’,,3; and (c) those of the phases. Here, 7o = 10 ns, 75 = 15 ns, 7c =20 ns

and other parameters are the same as those in Fig. 2.

2.57 : ‘ ‘ 3.25
(a) (b)
20 275
g g
< =
1.0 1.75
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~ 3.0*.'&#—-'—%%
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Fig. 8. (a) The temporal trace of the measured distance da for the target Ta; (b) that of the measured distance dp for the target Tp; and (c) that of the
measured distance dc for the target Tc. Here, T4 = 10 ns, 7 = 15 ns, 7c = 20 ns and other parameters are the same as those in Fig. 2.
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Fig. 9. Maps of the three relative errors evolutions in the parameter space of 7 and 7a (7 or 7c). Here, (a) REa; (b) REg; (c) REc. State 1: 0 <RE; <0.1%
and dark-blue; state 2: 0.1% < RE; < 0.2% and light-blue; state 3: 0.2% < RE; < 0.3% and blue-green; state 4: 0.3% < RE; < 0.4% and green; state 5:

0.4% < RE; <0.6% and yellow.

Finally, the relative errors RE5, REg, and REc are intro-
duced to describe the accuracy of the target ranging as follows:

RE = [Ada] 100%,
dr,
REg = [ads| 100%,
dr,
Ad
REc = [Adc| x 100%, (35)
dr.

where the symbol

“I |”

represents absolute value. We quantize
these relative errors for observation. State 1: 0 < REa, REg,
RE(c < 0.1%; state 2: 0.1% < REa, REg, REc < 0.2%; state
3: 0.2% < REa, REg, REc < 0.3%; state 4: 0.3% < REj,,
REg, REc < 0.4%; state 5: 0.4% < REA, REg, REc < 0.6%.
Under high-quality lag chaotic synchronizations, figure 9 de-
picts the evolutions of these three relative errors in the param-
eter spaces of 7 and T4, T and 7g, T and 7c. It is found from
Fig. 9 that their relative errors are all less than 1%, and stay
in state 1 in these three large parameter spaces. In addition,
when the channel delays 7a, T, and 7c are all fixed at 10 ns or
16 ns, their relative errors appear an increase in a slight fluctu-
ation and reach to 0.55%. Therefore, all relative errors of these
three targets ranging are small and less than 0.6%, indicating
that the ranging scheme can achieve high accuracy.

From these results observed from Figs. 68, under high-
quality lag chaotic synchronization obtained by the delayed-
based reservoir computing approach, the ranging to three tar-
gets has good real-time stability. Their absolute errors reach
millimeter magnitude, and their relative errors are very small
and less than 0.6%.

4. Conclusions

To sum up, we proposed to use a machine-learning tech-
nique by means of three parallel optical chaotic reservoirs for
realizing the ranging to three targets, respectively. The sys-
tem proposed consists of the driving three-element laser array
with self-feedback, multi-target detection, three input layers,
three parallel reservoirs, three output layers, and ranging cal-
culation. Here, these three optical reservoir computers are im-
plemented by the chaotic three-element laser array with both
delay-time feedback and optical injection. Three-channel de-
layed probe signals from the driving three-element laser array

with self-feedback are modeled by these three trained reser-
voir computers, respectively. Our findings show that any one-
channel delayed probe signal can synchronize well with its
corresponding trained reservoir computer. In other words,
high-quality lag chaotic synchronization between them can be
achieved even despite the existence of some mismatches be-
tween the key parameters of the response three-element laser
array and the driving three-element laser array. In addition,
the three-channel synchronized probe signals are utilized for
the ranging to three targets. Our investigation results indicate
that stable and real-time ranging can be achieved for three tar-
gets.

Significantly, most previous works focused on laser-based
on chaotic radar ranging by using the cross-correlation be-
tween the reflected return signal and the replica of the signal
transmitted.[1=15:16] T these works, the resolution is used to
judge the accuracy of the ranging to target. Such correlation-
based methods take advantage of the broad bandwidth of the
chaotic laser and can achieve resolution up to centimeter-
level, indicating that the absolute errors for the ranging to tar-
get reach centimeter level. Our previous works reported in
Refs. [18,19] explored another new way of implementing the
ranging to target by using the synchronized chaotic lidar be-
tween driving laser and response one, where the relative errors
for the ranging were obtained as less than 2.7% and 11%, re-
spectively, based on the traditional complete chaos theory. By
comparison, in this paper, based on the optical reservoir com-
puting approach, the absolute errors for the ranging to multi-
target reach millimeter level, and the corresponding relative
errors are very small and less than 0.6%. Therefore, the re-
sults presented in this paper are better than those in the other
reported works. Moreover, when the driving lasers and the re-
sponse ones consist of four or more-element laser array, four
or more-channel delayed probe signals from the driving four
or more-element laser array with self-feedback can be mod-
eled by the four or more reservoir computers implemented
by the response four or more-element laser array with both
delay-time feedback and optical injection, respectively. Using
the reservoir computing method, any one of the four or more-
channel delayed probe signals can synchronize well with its
corresponding trained reservoir computer. Under this condi-
tion, the stable and real-time ranging can be realized for four
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or more targets.
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